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The major protein of the outer mitochondrial membrane of Neurosporu was purified. On dodecylsulfate- 
containing gels it displayed a single band with an apparent molecular weight of 31 000. Reconstitution cxperi- 
nlents with artificial lipid bilayers showed that this protein forms pores. Pore conductance was dependent on the 
voltage across the membrane. The protein inserted into the membrane in an oriented fashion, the membrane 
current being dependent on the sign of the voltage. Single pore conductance was 5nS, suggesting a diameter of 
2 nm of the open pore. This mitochondrial protein shows a number of similarities to the outer membrane porins 
of gram-negative bacteria. 
It is well documented that the outer mitochondrial mem- 
brane is freely permeable to low molecular weight compo- 
nents such as metal ions, substrates, nucleotides, etc. [1,2]. It 
is, however, impermeable to components with higher molec- 
ular weights [3]. The upper limit is not clearly defined and 
varies between apparent molecular weights of 2000.- 8000. 
Accordingly, unspecified channels or pores in the outer mem- 
brane have been postulated. Electron microscopic studies of 
mitochondrial outer membranes from different sources have 
shown characteristic pits in large abundance, which may 
represent such pores [4- 61. Recently, detergent extracts of 
niitochondrial outer membranes from rat liver, mung bean, 
and N~~urosporrx were incorporated into liposomes or bilayers 
[7-91. By this procedure the existence of non-specific pores 
could be verified. 
In this paper we describe the purification of the major 
protein from the outer mitochondrial membranc of Neuro- 
s p o r ~  and its insertion into lipid bilayers. This protein has an 
apparent molecular weight of 31 000 and is firmly integrated 
into the incmhrane so that it is not digested by proteinase K 
added to intact or sonicated mitochondria. According to its 
amino acid composition, it is not particularly hydrophobic. 
The protein isolated from outer membi-anes spontaneously 
inscrts into artificial lipid membranes. Conductance analysis 
indicates that this protein forins an asymmetric pore. From 
single-step conductance increments, an apparent pore diam- 
eter of2 nm can be calculated. Finally, the conductance of the 
porc was found to depend on the membrane potential. In 
many respects this protein resembles the porins isolated from 
the outer membranes of gram-negative bacteria. 
MATERIALS AND METHODS 
Growth qf Neurospora crassa and Prqmrution oj Mitochondria 
Growth of hyphae of Neurospora crasscr (wild type 74A) 
for 17 h (inoculum 1 x 10' conidia/ml) and disruption of cells 
were carried out as described [lo]. The medium for isolation 
f+izjme.v. Proteinase K (EC 3.4.21.14); trypsin (EC 3.4.21.4). 
of mitochondria was 0.44 M sucrose, 2 mM EDTA, 30 mM 
Tris/HCl pH 7.6 (adjusted at 4 'C) with the addition of 
phenylmethylsulfonyl fluoride (freshly dissolved in ethanol) 
to a final concentration of 0.5 mM. Mitochondria were iso- 
lated by centrifugation at  4 C according to the following 
scheme: after spinning 20 min at 2000 x g ,  the resulting super- 
natant was ccntrifuged for 45 rnin at  17000 xg. The upper 
layer of the sediment (containing the mitochondria) was 
washed twice by resuspending and centrifuging for 45 min 
at 17000xg. 
lsolcrtion of Outer Mitoclzonilriul M c r d m m l  
The final mitochondria1 pellet (330 - 400 mg mitochondria1 
protein, from 250-300 g wet mass of hyphae) was suspended 
in 300 ml of 2.5 mM K2HP04, pH 7.3, 0.5 mM phenylmethyl- 
sulfonyl fluoride for 15 rnin at 4°C. The suspension was 
stirred and 200 ml of 2.2 M sucrosc, 8 mM MgC12, 8 niM 
ATP (pH 7.3) were added. Aftcr 10 min, thc suspension was 
homogenized in a glass-teflon potter and the membranes were 
pelleted by centrifugation for 45 rnin at  98000 x g .  The pellets 
were immediately suspended in isolation medium, homog- 
enized, layered on 0.95 M sucrose, 10 mM Tris/HCI, pH 7.5, 
1 mM EDTA, and centrifuged for 60 min at  70000 xg. The 
red outer membranes on top of the 0.95 M sucrose solution 
were collected, diluted with 10 mM Tris/HCl, pH 7.5, and 
centrifuged for 30 min at 166000 x g  (see also [lo]). The outer 
membrane pellets were suspended in 100 mM K2HP04, 
pH 7.3, 8 dimethyl sulfoxide (v/v) at  about 2 mg protcin,'ml 
and stored at  -20 'C  overnight. The yield of outer mcm- 
brane on a protein basis was about 0.5 ?<, with respect to whole 
mitochondria. 
Isolation of Mitociznnrlrial Porin 
The thawed suspension of outer membranes was adjusted 
to a protein concentration of 210 pg per 120 pI by adding 
100 mM K2HP04, pH 7.3, 8 dimethyl sulfoxide (v/v), and 
was mixed with 120 p1 of a solution containing 60 mM octyl- 
glucoside, 5 mM Tris/HCI, pH 7.5, to obtain a final octyl- 
glucoside concentration of 30 mM and an octylglucoside to 
630 
protein ratio of 10 (w/w). The mixture was kept for 45 inin 
at 4 C. After centrifugation for 30 inin at IS0000 xg, the 
membrane pellet was resuspended in 210 p1 of a solution con- 
taining 1 y” Genapol X-100, 5 mM Tris/HCl, pH 7.5. Gena- 
pol X-100 was a gift from Farbwerke Hoechst, Frankfurt. 
The mixture was shaken at 4 ’C for 45 min. After centrifuga- 
tion in an Eppendorf centrifuge for 5 min, the supernatant 
was immediately subjected to chromatography on a DEAE- 
cellulose column. The column (IS ml, 1 cm diameter), equili- 
brated with 1 Genapol X-100, 5 mM Tris/HCl pH 7.5, was 
eluted with the same buffer at a flow rate of 20 mllh. The pro- 
tein peak which eluted with the void volume was collected and 
lyophilized. This fraction contained only the pore protein. 
The protein was stored in the lyophilized form at - 20 ’C. 
from a stock solution (66 ng protein/ml, 1 % Genapol X-100, 
5 mM Tris/HCl, pH 7.5) either immediately before mem- 
brane formation or after the membrane had completely turned 
black in order to prevent protein inactivation. 
For the electrical measurements, Ag/AgCl electrodes were 
inserted in the aqueous compartments on both sides of the 
membranes. The stationary current measurements were per- 
formed with a Keithley 610 C electrometer. A Keithley 427 
current amplifier was used for the single channel experiments. 
The amplified signal was monitored with a Tektronix 76331 
7,422 storage oscilloscope and recorded with a strip chart 
recorder. The bandwidth of the single channel experiments 
was between 300 Hz and 3 kHz. 
RESULTS Prtymution of Antibodies arid Imnzunoprecipitution 
The isolated protein (60 pg, dissolved in 0.2 ml 1 Gena- 
pol X-100, 5 mM Tris/HCl pH 7.5) was mixed with an equal 
volume of incomplete Freund’s adjuvant and injected intra- 
dermally into the neck region of a rabbit. Three weeks later 
the procedure was repeated with 75 pg antigen. After another 
two weeks, 70 pg antigen were applied subcutaneously and 
one week later, the rabbit was bled from the ear vein. The 
immunoglobulin fraction was prepared by ammonium sulfate 
precipitation. Immunoprecipitation was carried out  exactly 
as described previously [I I], except that p-chloromercuri- 
benzoate was omitted. 
G d  Elertroplioresis and Isotdectric Focusing 
Gel electrophoresis was performed with slab gels (17.5 
acrylamide) according to Laemmli [12]. When gels were 
sliced, electrophoresis was performed as described before [I 31. 
Isoelectric focusing was carried out according to O’Farrell 
~ 4 1 .  
Anzino Acid Analysis 
The purified mitochondrial porin was dialysed against 
100 mM ammonium bicarbonate, 0.1 % Triton X-100 in 
Visking tubing 18/23 and subsequently hydrolysed for 20 h 
in 6 M HC1 at 108”C, with and without the addition of 
7 mM mercaptoethanol. Amino acid analysis was performed 
with a Liquimat 3 (Kontron) by fluorescence and ninhydrin 
analysis. 
Insertion qf’fhe 31 000-M, Protein 
into Lipid Bilayer Membranrs 
Artificial lipid bilayer membranes were obtained as de- 
scribed previously [15,16] from a 1-2% (w/v) solution of 
two different lipids dissolved in n-decane (Fluka, Buchs, 
Switzerland, puruni). Asolectin was purchased from Sigma 
Chemical Company and oxidized cholesterol was prepared 
as described earlier [16]. The chamber used for bilayer forma- 
tion was made from Teflon. The circular hole in the wall be- 
tween the two aqueous phases had an area of either 1.5 mm2 
(for the macroscopic conductance measurements) or 0.1 mm2 
(for the single channel experiments), The temperature was 
kept at 25 ’C throughout. All salts were obtained from Merck 
(Darmstadt, FRG, analytical grade). The aqueous solutions 
were buffered with 5 mM Tris/HCI and were adjusted to 
pH 7.5. Variation of the pH between 6 and 7.5 had no influence 
on the results. The protein was added to the aqueous solution 
PurIfica~ion of f l i p  Pore Protein 
Outer membranes were prepared from Neurosporu mito- 
chondria according to a swelling-shrinking procedure devel- 
oped for isolation of rat liver outer mitochondrial membranes. 
This procedure was modified for the separation of Neuro- 
spora mitochondrial membranes as described previously. Gel 
electrophoretic analysis of Neurospora outer mitochondrial 
membranes displays a prominent protein band with an appar- 
ent molecular weight of 31 000 (see Fig. I ) ,  as noted earlier [lo]. 
A prominent band with such a molecular weight has also been 
observed in outer mitochondrial membranes from mung bean 
and potato [17], rat liver [9], and beef heart [18]. 
To isolate this protein, Nc~urospora outer mitochondria1 
tnembranes were first resuspended in 30 mM octylglucoside 
containing 5 mM Tris/HCl, pH 7.3. By this procedure, most 
of the minor protein components were extracted. The 31 000- 
M ,  protein was recovered after centrifugation in the mem- 
brane pellet (Fig.1). In a subsequent step, this pellet was 
extracted with the nonionic detergent, Genapol X-100, which 
contains polyethoxy chains like Triton X-100, but has isotri- 
decyl groups instead of aromatic rings and therefore does not 
absorb at 280 nm. As shown in Fig. 1, the Genapol extract is 
largely enriched in the 31 000-M, protein. Subsequent chro- 
matography on DEAE-cellulose yields the pore protein which 
upon gel electrophoresis shows a single band without conta- 
minating minor components (Fig. 1). 
of total outer membrane was recovered as the 
purified 31 000-M, protein. The protein was analysed by iso- 
electric focusing according to the method of O’Farrell [14], 
employing ampholines in the pH range of 3-10. A double 
band was seen with isoelectric points at pH 7.7 (major band) 
and pH 7.8 (minor band). 
. About 15 
Clitwiral Properties of the Pore Protein 
Fig. 2 shows the ultraviolet spectrum of the isolated pro- 
tein. This spectrum shows that the preparation contains ap- 
proximately 25 - 30 mol ergosterol/mol of protein. Fig. 2 
includes a spectrum of ergosterol in hexane. The outer mito- 
chondrial membrane of N~urosporu contains large amounts 
of ergosterol [19], which can be easily extracted into a hexane 
phase. Extraction of the isolated protein in Genapol X-100, 
5 mM Tris/HCl, pH 7.5, with hexane failed to transfer ergo- 
sterol into the hexane phase. 
In order to test if this protein was a glycoprotein, 200 pg 
of total outer membrane protein was subjected to electro- 
phoresis in the presence of dodecylsulfate and subsequently 
stained for carbohydrate using the method of Fairbanks et 
Fig. I .  h l u t i o n  of'the mitoc,hond~.iulporin. The various rractions obtained 
during the isolation procedure were analysed by gel electrophoresis in the 
presence of dodecylsulldre. Gels were stained with Coomassie blue. 
(1) Molecular weight standards; (2) total outer membrane; ( 3 )  protein5 
extracted with octylglucoside; (4) proteins extracted from the residual 
membrane with Genapol X-100; ( 5 )  purified protein obtained by DEAE- 
cellulose chromatography of the Genapol X-l 00 extract 
\ 
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Fig. 2. L'lriuvicik~t sprcriiini ufpuiific>clporc. proiein. The purified 31 000-M, 
protein (12 ygml) in 1 y o  Genapol X-100, 5 mM TrislHCI, pH 7.5, was 
measured against 1 ?(> Genapol X-100. 5 mM TrislHCI, pH 7.5 (-); 
ergosterol was dissolved in hcxane (8.7 pM) and measured against 
hexane (----) 
al. [20]. The gel showed a few positive bands in the higher 
molecular weight range but no carbohydrate staining of the 
31 000-M, band (comprised or at least 50 pg of protein) was 
seen. This observation suggests that the pore protein is not a 
glycoprotein. 
Table 1 shows the amino acid composition of the protcin. 
The minimum molecular weight calculated from the amino 
acid composition is 31 800. Taking into account the possible 
Table 1 .  Amino w i d  u n d j x i , ~  uf thc porr  p i t ~ ~ ~ i n  
The values represent the mean of three determinations. Results are given 
as residueslmolecule with the nearest integer in brackets. n.d., not 
determined 
Amino acid Amount present 
Aspartic acid 33.52 (34) 
Threonine 29.67 (30) 
Scrine 23.32 (23) 
Glutamic acid 8.82 (9) 
Proline" 7.92 (8) 
Glycine 28.40 (28) 
Alaninc 40.26 (40) 
Valine 22.88 (23) 
Methionine 6.15 ( 6 )  
Isoleucine 11.68 (12) 
Leu c i n e 17.94 (18) 
Tyrosine 10.06 (10) 
Phenylalanine 20.10 (20) 
Lysine 25.87 (26 )  
Hislidine 8.76 (9) 
Arginine 7.16 (7) 
Xaa 
Tryptophan n.d. 
Cysteine n.d. 
* Single determination. 
The integral of this unknown peak is in the same range a s  those 
of histidine and arginine. 
presence of tryptophan and cysteine as well as the presence 
of a modified amino acid, this value would be a little bit higher, 
but still agrees quite well with the apparent molecular weight 
of 31 600 400 derived from gel electrophoresis in the pres- 
ence of dodecylsulfate. The content of hydrophobic amino 
acids was not particularly high. An unideniified component 
was found in the basic region (component X in Table 1 )  which 
may represent a modified basic amino acid. It should be noted 
that bacterial pore-forming outer membrane proteins also do 
not have an especially high content of hydrophobic amino 
acids, but do contain modified amino acids such as allysine 
t21 I. 
Antibodies against the Pore Protein 
Antisera against the purified protein were raiscd in rabbits 
(see Materials and Methods). Immunoprecipitation was per- 
formed employing isolated mitochondria from cells labelled 
with [3H]leucine and the precipitate was analyzed by electro- 
phoresis. When sufficient antibody was added to obtain com- 
plete precipitation, 0.4 of total mitochondrial protein was 
found in the band corresponding to porin. 
The specificity of the precipitation is demonstrated in 
Fig. 3. The antibody precipitated a single radioactive poly- 
peptide whose apparent molccular weight was identical Lo 
that of the isolated pore protein. Furthermore, excess un- 
labelled pore protein was able to compete with the radioactive 
protein from the mitochondria for binding to the antibody 
(Fig.3). The specificity of the antibody was also shown by 
comparing the immunoprecipitated pore protein with iso- 
lated or immunoprecipitated ADP/ATP carrier and cyto- 
chrome cl, two major mitochondrial membrane proteins 
with similar apparent molecular weights. These two proteins 
have migrations distinctly different from that of the pore 
protein on dodecylsulfate containing gels (Fig. 3). 
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Fig. 3. Spc,c,rfic,ifj qf irnm~r,io~rnrrc.il,ifurioii f tlie p r c  prorc,in ,fi.om / i w d  
iwitoc/ioiidriu. Nr~uro.~pora cells were grown in the presence of [35S]suI- 
fate (0.5 mCi'l). The mitochondria were isolated, lysed with 1 ".o Triton 
X-100. 0.3 M KCI, 10 mM TrisiHCI. ptI 7.5, at a concentration of 1 nig 
protein'ml, then subjected to iminunoprecipitation with antibodies 
against the mitochondrial porin. cytochrome CI and ADP,'ATP carrier. 
liniiiunoprecipitates werc analyzed by gel electrophoresis in the presence 
of dodecylsulfate and by autoradiography. Immunoprecipitation of the 
pore protein was also performed after addition of 7 pg of isolatcd pore 
protein to 1 mg of lysed mitochondria. For compai-ison. thc isolatcd 
proteins were also subjected to gcl electrophoresis and the gels wcre 
stained with Coomassie blue. (1 -5) Immunoprecipitates: ( I .  4) pore 
protein; (2) cytochromc c,; (3) ADPjATP carrier; (5) pore protein after 
addition of unlabelled isolated pore protein to the mitochondrial lyaates. 
(6-9) Isolated and stained proteins: (6, 8) porin: ( 7 )  cytochromc cI: 
(9) ADPiATP carrier 
Proteinuse Smsitivitj- of' the Pore Protc& 
In order to determine whether the pore protein in the 
membrane is susceptible to digcstion by added protease, 
isolated mitochondria were incubated with proteinase K .  
After inactivating the protease with phenylmethylsulfonyl 
fluoride, the pore protein was immunoprecipitated from the 
mitochondria after lysis with Triton X-100. As shown in 
Fig.4, this treatment did not lead to degmdation of the 
assembled membrane protein. When mitochondria were 
sonicated after addition of proteinase K ,  the pore protein 
could still be immunoprecipitated. 
When mitochondria were solubilized with Triton X-100 
and then treated with proteinase K,  70 of the pore protein 
was recovered in the immunoprecipitate. In contrast, the pre- 
cursor of the pore protein synthesized in a reticulocyte lysate 
was completely digested by added proteinase K (H. Freitag 
and W. Neupert, unpublished). When mitochondria were 
dissolved in buffer containing 0.3 sodium dodecylsulFate 
and then treated with proteinase K,  the pore protein could 
no longer be immunoprccipitated. The same pattern of resis- 
tance and sensitivity to proteolytic attack was observed with 
trypsin. 
The major outer membrane protein in mung bean mito- 
chondria, which probably corresponds to mitochondrial porin, 
was reported by Mannella and Bonner to be resistant to added 
trypsin [22]. Together with their X-ray diffraction data, this 
led them to conclude that this protein does not extend far into 
the aqueous phase [23]. 
These results suggest that the protein is either not acces- 
sible to proteinase K when integrated into the membrane, or 
Fig. 4. ~Smvrf iv i fy of / h r J  port protrin 10 pwtcuws .  Mitochondria \+ere 
isolated from cells grown in the presence of [3'S]aulfate (0.5 mCi I ) ,  
Protease digestion was performed with 100 pg proteinasc K nil for 
45 min at 4 '  C and stopped with the addition of 500 pM phenylmethyl- 
sulfonyl fluoride (final concentration). After protease treatment, the 
pore protein was immunoprecipitated and subjected to gel electrophoresis 
and autoradiography. (1 -4) Staincd gels; (5- 10) autoradiogrdphs. 
( I .  5 )  Control; (2 ,  6 )  mitochondria were incubated in 0.44 M sucrose, 
10 mM Tris/HCl, pH 7.5, 2 mM EDTA with proteinase K ;  ( 3 .  7) mito- 
chondria were sonicated for 10 s in the presence of proteinase K :  
(4, 8) mitochondria were dissolved in 1 "" Triton X-100. 0.3 M KCI. 
10 mM Tris.'HCI, pH 7.5.  and then incubated with proteinase K.  1 mg 
of mitochondria from [35S]sul~~te-labelled cells were dissolved in 1 mi 
0.30/, sodium dodecylsulfate, 10 mM TrisiHCI, pH 7.5. One sample 
was incubated for 30 min at 23 'C without further addition. A second 
sample was incubated for the same length of time after addition of 100pg 
trypsininil and stopped with a 1.5-fold molar excess of soybean trypsin 
inhibitor. Triton X-I00 and NaCl were added to both samples to a final 
concentration of 1 y,,, Triton X-200, 0.3 M NaCI, and the porc protein 
was immunoprecipitated. (9) Without trypsin treatment; (10) with trypsin 
treatment 
10-3 {- . . . .  .. 
I ,  
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Fig. 5. I r w r r i o n  of the isolutcdpore profein into urrificiul mc.iwhrane.r. The 
specilic membrane conductance d increases after the addition of the 
31 000-M, protein to the aqueous phase. The protein was addcd 10 min 
after blackening of the membrane. Concentration of thc protein was 
66 ng,ml. The aqueous phase contained 1 M KCI and I0  pg'ml Genapol 
X-100. The applied voltage was 5 m V  
it does not have exposed sites sensitive to proteinase K .  Solu- 
bilization with the nonionic detergent Triton does not lead 
to the exposure of sites sensitive to proteinase K, or alternati- 
vely, the detergent surrounds and shields the protein. Only 
the precursor form and the dodecylsulfate-denatured form 
have exposed sites sensitive to proteinase K .  
Macvoscopic Cotiductum~~ Mtmurenwnts 
Ic%ith Avt i fk ia l  Bilajws 
The addition of the 31 000-M, protein to the aqueous phase 
before or after membrane formation leads to a strong con- 
ductance increase of bilayer membranes. Fig. 5 shows such 
an experiment. A membrane was formed from asolectin and 
the protein was added to the aqueous phase while stirring. 
After an initial lag of 3 min, presumably due to diffusion of 
the protein through unstirred layers, the conductance in- 
creased by more than three orders of magnitude within about 
20 min. Only a slight increase occurred after that time. The 
same reaction was observed when the protein was added to 
both aqueous compartments. However, asymmetrical addi- 
$ 
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Fig. 6. The .spec[fic rnenihrunc conductance i d(yxwd.7 on the corwentrution 
of /he porc prorein in thc uqueous phase. Membranes were formed from 
lipids dissolved in n-decane. The aqueous phase contained 0.01 - 1 M 
KCI and less than 100 pglml Genapol X-100. The conductancc values 
wcrc derived from a t  least thi-ee experiments 20 min after the addition of 
the protein o r  afier hlackening 01' the iiiembrmc5 ( i f  the protein was 
present prior to rncnibrane formation). The applied voltage was 5 niV 
tion caused an asymmeti-ic current voltage relationship (see 
below). In control experiments, the membrane was formed 
in a solution of salt and detergent of the same concentration 
but without protein. N o  significant conductance increase 
was seen. 
F i g 6  shows the dependence of conductance on the pro- 
tein concentration in the aqueous phase. A linear relation- 
ship was observed over a wide range. The conductance 
increase was strongly dependent on the lipid composition of 
the bilayer (Fig. 6). With membranes from oxidized choles- 
terol, the conductance was about two to three orders of magni- 
tude larger than with membranes formed by asolectin. A simi- 
lar lipid 'specificity' has been observed with porins from 
various outer membranes from bacteria. Surface tension or 
surface pressure may be different in membranes from oxidized 
cholesterol and phospholipids, thus allowing insertion of 
protein molecules at  different rates. 
Fig. 6 also shows that the conductance was a linear func- 
tion of the KCI concentration within the limits of experimen- 
tal error (sec also Table 3).  This indicates that the rate of pro- 
tein incorporation was not dependent on the salt concentra- 
tion in the aqueous phase. Accordingly, the interaction be- 
tween protein and membrane appears to be of hydrophobic 
nature. 
The asymmetric addition of the protein to only one side 
of the membrane results in an asymmetric current response 
to voltage of opposite sign. This is illustrated in Fig.7. 
A membrane was formed from asolectin, and the 31 000-M, 
protein was added to one side (cis side). The conductance 
increased within 20 min as described above. Then a voltage 
of 25 mV with opposite polarity was applied. At first, the 
polarity was negative at the cis side (Fig. 7 ,  lower trace). Thc 
initial current decreased exponentially with a time constant 
of 1-2  s. Then the voltage was removed for about 1 s and 
switched to the opposite sign (positive at  the cis side) (Fig. 7, 
upper trace). The conductance was completely recovered. No 
decay of the membrane current was observed when the mem- 
brane potential was positive at the cis side. This effect was 
reversible. Only at higher voltages above about 50 mV posi- 
tive at the cis side would the membrane current decrease. 
These results indicate that the protein is inserted asymmetri- 
cally into the membrane. 
0 mV - 2 5 m V  OmV +25 r n V  OmV-25mV Vo l tage (Cis side) 
1 1  1 1  I 1  
0.4 p A .  crn-2] 
- 
2 s  
Fig. 7. Asj~rnrnetric mernhranc, c'urrmr r('spoiisc ufter upplication o/ voltugc, of diffircwt sign. A membrane was made from asolcctinln-decane. The 
protein concentration in the aqueous phase containing 1 M KCI was 33 ng at the (,is sidc. A voltage of - 25 inV and + 25 inV was applied to the 
melnbrdne (as referred to the cis side) about 20 niin after addition of the protein. Note that the membrane current decreases only if thc ci.7 side is 
switched to a negative potential 
634 
0.1- 
100 s 
Fig. 8. Stcy~wise increase uf the niemhrane cut'rrnt qfter die addition o f '  the 
pore protein. The aqueous phase contained 3.3 ng;ml protein, 1 M KCI, 
and 0.5 p g m l  Genapol. The membrane was formed from asolectin dis- 
solved in n-decane. The applied voltage was 5 mV; the current prior to 
the addition of the protein was less than 0.2 PA. The record starts at the 
left end of the lower trace and continues in the upper trace 
- 
- - - - Single Clmnnel Anulysis 
When the 31000-M, prokin was added to the aqueous 
phase at low concentrations (1 - 5  nglml), the membrane 
current at a given voltage started to increase in a stepwise 
fashion. These current fluctuations were not observed when 
only the detergent Genapol was added. Fig. 8 shows an experi- 
ment in which the membrane potential was set at 5 mV. I n  
the beginning, most of the steps were directed upwards, where- 
as terminating steps were rarely observed. In most cases, tlic 
terminating steps had only about half the amplitude of t h L ,  
steps directed upwards. Later, when terminating steps becamc 
more frequent, fluctuations directed upwards also appeared 
which had about half the amplitude of the large earlier steps. 
These small steps were only a small fraction of all the con- 
ductance fluctuations at a membrane potential of 5 mV. 
Fig. 9 A  presents a histogram of all conductance fluctua- 
tions recorded at a membrane potential of 5 mV with mem- 
branes formed from asolectin. The large steps (8- 10 nS) 
were presumably caused by the insertion of the protein aggre- 
gates containing more than one pore. Steps with a larger 
amplitude than two single units were only rarely observed 
(not included in Fig.9A). The mean of all conductance fluc- 
tuations was 5 nS. If only fluctuations up to 6 nS are con- 
sidered, the mean value decreases to 4.6 nS. 
At higher membrane potentials, the pores did not switch 
off completely. The pore may have different conductance 
states depending on the magnitude of the membrane poten- 
tial. Fig.9B shows a histogram of the conductance fluctua- 
tions directed upwards at a membrane potential of 20 mV. 
The most frequently assumed A value is 2.8 nS and is thus 
considerably smaller than the A value assumed at 5 mV 
( 5  nS). 
The decrease in pore conductance with increasing voltage 
was only observed when the cis side was switched to a negative 
potential. Terminating steps were only rarely observed when 
the cis side had a positive polarity, thus pointing to a strong 
asymmetry of the pore. Table 2 contains the values of the 
single channel conductance /i measured at various membrane 
potentials. Besides the average conductance increment /TO,, 
the Aoff values are also given. no" and noff, respectively, are the 
numbers of events from which A,, and AOff have been calcu- 
lated. Apparently, a difference exists between the average 
conductance of opening and closing pores, at least at low 
voltage. This may be caused by the voltage dependence of 
the conductance states and the fact that the first opening of 
a pore always has a conductance value between 4 nS and 6 nS. 
I 
' 1  i 2 3 4 5 6 7 8 9 1 C  
applied vo l tage  
20 mV 
Fig. 9. Histogram of e~jntluctnnc~,fluctuntions. Membranes were prepared 
from asolectin dissolved in n-decane. The protein concentration was 
3.3 ng;'nil. The aqueous phase contained 3 M KCI. (A) Applied voltage. 
5 mV; the mean value of all observed conductance fluctuations was 
5 nS for n = 489 single events. (B) Applied voltage, 20 mV; the mean 
\ d u e  of all upward directcd conductance fluctuations was 2.8 nS for 
I /  = 525 single events 
Table 2. Aiwu,qc conrluc~iance incriwirnts A(," andA, , f f  us a function qf ' the 
applied n~rrnhrunr lintenrial V, 
The aqueous phase contained 1 M KCI, 1 - 5 ng 'ml pore protein and less 
than 0.8 pg/niI Genapol X-100; t = 25 'C. The membranes were formed 
from asolectin dissolved in n-decane. no, and i2,rr are the numbers of events 
from which A,,,, and /r,r, have been calculated 
ffm Jon no, &ri noif 
lllV nS nS 
5 5.0 489 4.1 54 
I 0  3.5 231 2.8 175 
20 2.8 525 I .7 295 
30 1.4 160 1.2 133 
50 0.72 347 0.70 21 1 
100 0.48 44 1 0.45 327 
Table 3. Di>pendiwt.u of  the avc'rage conduciance inc'rc~mrnts 0 1 7  the con- 
wntrarion m r l  t j p e  of .salt solution 
The aqueous phase contained 1 - 5 ngiml pore protein and less than 
0.8 pg/ml Genapol X-100. Membranes were formed from asolectin dis- 
solved in pi-decane. The applied membrane potential was 5 mV. n is the 
number of events from which 2 has been calculated 
Salt Concentration A n 
M 
NaCl 1 
KCI 1 
KCI 0.1 
KCI 0.01 
RbCl 1 
MgCI2 0.5 
KzS04 0 5  
[nSl 
4.0 114 
5.0 489 
0.55 241 
0.053 145 
5.2 255 
2.4 126 
2.9 159 
Table 3 gives the average conductance increments for 
different salts and concentrations. A hundred-fold decrease 
of the KCI concentration (from 1 M to lo-' M) led to the 
same decrease of the conductance of the pore. This indicates 
that the pore cannot be saturated. The same conclusion can be 
drawn from the experiments in the presence of divalent cations 
and anions. The pore conductance follows roughly the con- 
ductance sequence of the salts in aqueous solution. 
DISCUSSION 
We have isolated and purified the major protein compo- 
nent of the outer initochondrial membrane of Neurosporu. 
This protein is firmly integrated into the outer membrane. 
The isolated protein contains considerable amounts of ergo- 
sterol, a major lipid component of the outer mitochondrial 
membrane of Neurosporu [19]. This supports the view that 
the protein has a hydrophobic outside. The amino acid com- 
position does not group this protein among the very hydro- 
phobic proteins. This may indicate that the major outer mito- 
chondrial membrane protein has hydrophilic as well as 
hydrophobic domains. 
The studies on the incorporation of the purified protein 
into artificial membranes define its function as a pore or 
channel-forming component. Reconstitution at  very low 
protein concentrations in the aqueous phase show an increase 
of the membrane conductance in distinct steps; this single 
conductance unit most probably corresponds to a reconsti- 
tuted channel. The single channel conductance is about 
4.5 nS in 1 M KCI. Assuming a pore length 1 of 7 nm (corre- 
sponding to a similar thickness of the outer mitochondrial 
membrane), and assuming that the pore is filled with a solu- 
tion of the same specific conductance CT as the external solution, 
the average pore may be calculated according to A = a7cr2// 
as being on the order of 2 nm in diameter. An interesting 
result of these studies is the asymmetric insertion of the porin 
into the membrane. It may indicate that the porin is asym- 
metric in nature and prefers one direction when it incorpo- 
rates into the bilayer membrane. Another result of our study 
is that the pore conductance is dependent on the applied 
membrane potential. Between 5 mV and 100 mV the average 
conductance increment A decreases by a factor of about 10. 
We conclude that the pore has several different states as a 
function of the applied voltage rather than only two states 
(open and closed). These reconstitution studies do  not tell 
whether in vivo the permeability of the outer membrane is 
also regulated by a potential across the membrane. A Donnan 
potential or an intrinsic voltage generated by an asymmetry 
in surface potential could be involved in regulating the perme- 
ability of the outer membrane. 
Taken together, the information from these studies 
allows us to conclude that the major protein from Nruro- 
spora outer mitochondria1 membrane is a pore or channel- 
forming entity. 
The presence of channels allowing the diffusion of small 
molecules has been inferred from permeability studies of 
whole mitochondria [1,2]. Colombini [7,8] has shown that 
insertion of detergent-solubilized proteins from various mito- 
chondrial sources (Paramecium, rat liver, Neurospora, and 
yeast) into planar bilayers produces channels for small ions. 
The channel-forming activity was enriched when outer mem- 
brane fractions were used. It was proposed that this pore 
protein might be a glycoprotein [24]. Our experiments, how- 
ever, strongly suggest that the pore-forming protein is not a 
glycoprotein. In agreement with the data presented here, thcsc 
channels were found to be voltage-dependent. Also, a con- 
ductance around 4.5 nS was found with these mitochondrial 
detergent extracts. Liposomes produced from mixtures of 
phospholipids and mitochondrial membrane inaterial from 
Ncurosporrr were found to be permeable to polyethylenglycol 
up to an M ,  of 3400. This would correspond to a channel 
diameter of 4 nm. Membrane vesicles were also prepared 
from fragments of outer membranes of rat liver mitochondria 
and mung bean mitochondria by Zalman et al. [9]. A deter- 
gent extract enriched in a 30000-M, protein had the highest 
pore-forming activity. I n  this case, the exclusion limit of the 
channels was found around an M,. of 2000 - 8000. This could 
be consistent with the pore diameter calculated from our data. 
It should, however, be kept in mind that the calculations and 
the direct measurements employing polydisperse polysaccha- 
rides or polyalcohols cannot give precise data on pore sizc. 
Furthermore, permeability may depend on the form of the 
permeating substances and on their surface charge. 
Pores in the outer mitochondrial membranes have also 
been investigated using a morphological approach. Negative 
staining of isolated outer membranes from mitochondria of 
various species have revealed abundant stain filled pits, 
2-3 nm in diameter [4-61. X-ray diffraction studies on 
pellets of plant outer mitochondrial membranes suggest that 
a protein with an  M ,  of 30000 forms a prominent subunit 
structure with an outer diameter of 5.0 nm and an inner low- 
electron-density core of 1.8 - 2 nm [22,23]. This inner core 
may correspond to the channel diameter and could thus 
agree with the data discussed above. 
In summary, all these studies support the view that cven 
small proteins such as cytochrome c (12000 M,)  cannot penc- 
trate through outer mitochondria1 membranes. This con- 
clusion has also been reached using a different approach [3]. 
Finally, freeze-fracture studies have presented some evi- 
dence that the particle clustering of the outer membrane is 
dependent on the energetisation of the mitochondria [25]. 
This phenomena may be related to the voltage dependence 
and asymmetry of the porin described in this report. 
The mitochondrial porin shares a number of chemical and 
biophysical properties with the bacterial porins, which have 
been extensively studied [26- 341. Its apparent molecular 
weight is similar to those of the bacterial porins, which range 
between 30000 and 38000. The mitochondrial porin is com- 
posed of 45.5 ",; polar amino acids according to the definition 
by Capaldi and Vanderkooi [35]. Similar amounts are found 
in porins of Salmonellu (48.5 y!) [26] and E.rchevichicr coli 
(matrix protein, 45.3%) [36]. The bacterial porins are rela- 
tively rich in threonine, which is also true for the mitochon- 
drial porin. Furthermore, both bacterial and initochondrial 
porins contain very little or no cysteine. Also, both types of 
porin contain modified amino acids. A difference between 
bacterial and mitochondrial poriiis, however, is that the bac- 
terial porins are rather acidic with PI values around 4.8 [26] 
and 6 [36], while the Neurosporu porin has a pl around 7.7. 
Porins from outer bacterial membranes show a similar 
conductance if reconstituted in lipid bilayer membranes. The 
reported conductance in the presence of 1 M KC1 varies 
between 1.8 nS with E. coli [32] and 5.6 nS with P.reur1onionu.s 
aeruginosa [28]. A voltage-dependence of the channels in 
planar bilayers which were formed from E. coli outer mem- 
branes has recently been described [34]. 
The quantitative immunoprecipitation of the mitochon- 
drial porin makes il possible to calculate the number of 
particles in the outer mitochondrial membrane. Assuming 
636 
the dry weight of a single mitochondrion to be 0.1 pg [37] 
with a diameter of I pm, approximately 4 x 10" porin mole- 
cules are present per cm2. This is comparable to the density 
of porins in the E. coli outer membrane of 10'2/cm2 [28]. 
The authors are grateful to Dr  B. Hennig for the amino acid analysis, 
to Dr  H. Weiss for providing cytochrome e l ,  and to Michaela Gimple for 
expert technical assistance. We also wish to thank Carol and Martin 
Teintze for helping prepare the manuscript. This work was supported by 
the Dc~ursc& Forsclzu~?~lgs~~c~i7~c~in.cchu/i (SFB 138, Be 86511-1, Ne 101/17) 
and by the Fonds dtv Chcniischon Indusiric. 
REFERENCES 
1.  O'Brien. R .  L. & Brierley, G.  (1965) J .  B id .  C ' / / ~ , / J I .  -'+'(I. 4527-45.:1 
2. Pfaff, E., Klingenherg. M., Ritt, E. & Vogcll. W. ( I O h X )  ELIT. J .  
3. Wojtczak, L. & Zaluska. H .  (1969) Biocd7im. Bioplzj<s. A('/ci. 193. 
4. Parsons, D. F., Bonner, W. D. & Verboon, J. G. (1965) Cun. J .  Bol. 
5 .  Parsons, D. F., Williams, G. R. & Chance, B.  (1966) Ann. N . Y .  
A w d .  Sci. 137, 643 - 666. 
6. Stoeckenius, W. (1 970) in Membranes of Mitochondria uncl Clzloro- 
p h r s  (Racker. E., ed.) pp. 53 -90, von Nostrand Reinhold Co., 
New York. 
Biocheni. 5, 222 - 232. 
64 - 72. 
43, 647-655. 
7. Colombini, M.  (1979) Nuture (Lond.) 279, 643-645. 
8. Colombini, M. (1980) J .  Memhr. B i d .  53, 79-84. 
9. Zalman. L. S., Nikaido, H. & Kagawa, Y .  (1980) J .  Bid. C ' l l c m .  255, 
10. Neupert, W. & Ludwig. G. D. (1971) Eur. J .  Biochern. 19, 523-532. 
11. Ziminermann, R .  & Neupert, W.  (1980) Eur. J .  Biochrm. 104, 
12. Laemmli, U. K. (1970) Nature (Lonci.) 227, 680-685. 
13. Korb, H. & Neupert, W. (1978) Eur. J .  Biochem. 91, 609-620. 
14. O'Farrell, P. H.  (1975) J .  B i d .  Chem. 250, 4007-4021. 
15. Benz, R.,  Stark, G., Janko, K .  & Lauger, P. (1973) J .  Memhr. Riol. 
1771 - 1774. 
217-229. 
14. 339- 364. 
16. Benz, R.. Janko. K., Boos, W. & Liiuger, P. ( 1978) Biochim. Riop/ t~x.  
17. Mannella, C. A. & Bonner, W. D. (1975) Bioc,hini. Biophj,s. A c m .  
18. Hayashi, H.  & Capaldi, R. A. (1972) Biochim. Biophys. Acra. 282, 
19. Hallermayer, G. & Neupert, W. (1974) Hoppe-Sc~yIw's Z .  Physiol. 
20. Fairbanks, G. ,  Steck, T. L. & Wallach, D. F. H.  (1971) Biocliemistry, 
21. Diedrich, D. L. & Schnaitnian, C. A. (2978) Proc. Nut! Amd.  Sti. 
22. Mannella, C .  A. & Bonner, W. D. (1975) BkJchim. Biophy.s. Acta, 
23. Mannella, C. A. (1981) Biochinz. Biophys. Acta. 645, 33-40. 
24. Colombini, M.  (1980) Ann. N . Y .  Acnri. Sci. 341, 552-563. 
Aciu, 511, 305-319. 
413,213-225. 
166- 173. 
cht~ni .  355, 1 - 10. 
10, 2606--2617. 
U S A ,  7.5.3708-3712. 
413, 226-233. 
25. 
26. 
27. 
28. 
29. 
30. 
31. 
32. 
33. 
34. 
35. 
36. 
37. 
Hackenhrock. C .  R. (1972) Ann. N.Y .  Acad. Sci. 195, 492-505. 
Tokunaga, H., Tokunaga, M.  & Nakae, T. (1979) Eur. J .  Biochem. 
rokunaga, M., Tokunaga, H., Okajima. Y .  & Nakae. T.  (1979) 
Benz, R., Ishii, J .  & Nakae, T. (1980) J .  Mrmbr. B i d .  56, 19-29. 
Hancock, R. E. W., Decad, G.  M. & Nikaido, H. (1979) Biochim. 
Benz, R. & Hancock, R.  E. W. (1981) Biuchim. Biophys. Acta, 646. 
Schindler, H .  & Rosenbusch, J .  P. (1978) Proc. Nut1 Acurl. Sci. 
Benz, R., Janko, K .  & Liiuger, P. (1979) Biochini. Biop/iys. Actu, 
Nakde, T., Ishii, J .  & Tokunaga. M. (1979) J .  B id .  C'hem. 254, 
Schindler, H. & Rosenbusch, J .  P. (1981) Proc. Nut! Acud. Sci. 
Capaldi, R.  A. & Vanderkooi. G.  (1972) Proc. Nut1 Acad. Sci. USA.  
Rosenhusch, .I. P. (1974) J .  Bi(J/. Chem. 249, 8019-8029. 
Bahr, G.  F. & Zeitler, E. (1962) J .  Cell Bid .  15, 489-501. 
95,433 - 439. 
Eur. J .  Biochem. 95, 441 -445. 
BiOp/7J'.r. Acfa, 554, 323 - 331, 
298-308. 
USA, 75,3751 - 3755. 
551, 238 - 247. 
1457- 1461. 
USA,  78,2302-2306. 
64. 930-932. 
H. Freitag and W. Neupert. Physiologisch-Chemisches Institut der Georg-August-Universitat zu Gottingen, 
Humholdtallec 7, D-3400 Gottingen, Federal Rcpuhlic of Germany 
R. Benz. Fakultat fur Biologie der Universitat Konstanz, 
Postfach 5560, D-7750 Konstanz. 1, Federal Republic of Germany 
